Purpose: Because of concern for drug-induced cognitive dysfunction during clinical trials using substrate reduction therapy (miglustat) in type 1 Gaucher disease and because it has been suggested that some patients with type 1
Gaucher disease, the most common sphingolipid storage disorder, was the first lysosomal storage disease to be effectively treated with enzyme replacement therapy (ERT). 1 Both placenta-derived (alglucerase) and recombinant (imiglucerase) glucocerebrosidase (Genzyme Therapeutics Inc, Cambridge, MA) reduce hepatosplenomegaly, improve hematological and biochemical parameters of the disease, and ameliorate skeletal disease and other visceral features among patients with type 1 Gaucher disease, the nonneuronopathic form. 2 In Israel, only patients who meet Ministry of Health criteria for severity of disease are approved for treatment. In 1996, Radin suggested that this ". . .mode of treatment should be replaceable with a suitable enzyme inhibitor that simply slows formation of the lipid, and matches the rate of synthesis with the rate of the defective, slowly working beta-glucosidase." 3 In April 2000, the results of the first clinical trial with an oral substrate inhibitor, the iminosugar N-butyldeoxynojirimycin (miglustat; Oxford GlycoSciences, Oxford, UK), as monotherapy in type 1 Gaucher disease were reported. 4 Therapy was effective primarily in reducing organomegaly and elevated levels of serum chi-totriosidase and was tolerated in most patients with manageable side effects, particularly diarrhea (85%) and weight loss (65%). Further trials of miglustat were initiated to assess lowdose safety and efficacy 5 as well as its use in maintenance of patients who had heretofore received ERT. 6 Between 1998 to 2002, 90 patients with Gaucher disease in six medical centers were treated with miglustat. In these studies, generally reversible neurotoxicity was observed in some patients: tremor (30%), peripheral neuropathy (15%-20%). 7, 8 In April 2002, after 34 months of treatment with no major side effects, a 67-year old Israeli polylinguist participating in the original miglustat trial complained of inability to learn a new language, forgetfulness, and lack of characteristic organizational abilities. Because a drug-induced memory loss could not be excluded, the local Ethics Committee suspended miglustat treatment in Israel pending further evaluation of these putative cognitive symptoms. A battery of tests related to frontal and parietal lobe dysfunction, the areas affected in the above patient, was devised and administered during May-August 2002 with a conclusion that there was no correlation between length of exposure to miglustat and decreased cognitive function and that the cognitive complaints were probably not miglustat-related. Consequently, the clinical trial of miglustat in Israel was reinstated in November 2002.
Miglustat (Zavesca, Actelion Pharmaceuticals Inc., Allschwil, Switzerland and Teva Pharmaceuticals Industries Ltd., Netanya, Israel) is now licensed in Europe and Israel for symptomatic patients with mild to moderate type 1 Gaucher disease who are unsuitable for ERT 9 and in the United States for symptomatic patients with mild to moderate disease in whom ERT is not a therapeutic option. 10 As a condition for licensure, postapproval long-term surveillance of cognitive function, specifically visuospatial and executive functioning, in patients receiving Zavesca was required by the various regulatory agencies. However, even before this requirement, a study of traditional neuropsychological testing was initiated in all Israeli patients with type 1 Gaucher disease treated with miglustat compared to age-and sex-matched patients receiving ERT and patients who had never been treated with either drug. Because of concern that test results were unduly influenced by methodological idiosyncrasies (e.g., single language [Hebrew] administration and the need for translators for other native-language speakers; time of administration exceeding more than 3 hours on average; the use of non-Israeli norms for some subtests), most patients were also tested with a self-administered, standardized computerized battery with language options and custom-normalized to a mainly Israeli group. In this article, we report results for both methodologies and discuss differences in outcomes and the clinical significance of our findings.
MATERIALS AND METHODS

Traditional neuropsychological battery
Starting in May 2002, all 60 patients who had participated in the original miglustat trial in Israel were encouraged to participate in a psychologist-administered study; the only patients who were not included were two non-Israeli nationals and three patients who were out of the country during the testing period. Additional adult patients with type 1 Gaucher disease who had either been receiving ERT or no treatment were asked to participate; this cohort was culled from those patients who appeared for routine evaluations during this 6-month period, albeit some bias may have occurred since patients who declined to volunteer were not asked for an explanation. No records tracked patients who did not agree to participate. No patient in any of the three groups had a history of cognitive impairment. All testing was completed by November 2002.
Ethics (Helsinki) Committee approval was mandated for this study in order to reinstate the clinical trial.
The following tests were administered in the standard way to each patient individually: for general cognitive intellectual abilities, parts of the Wechsler Adult Intelligence Scale Revised 11 
Statistical analysis for neuropsychological battery
Means, standard deviations (SD), and z-scores were calculated (and compared to the z-scores of standard normograms). One-way analysis of variance (ANOVA) using a 95% confidence interval was used to assess between-group differences. Pearson chi-square test (with continuity correction) was computed to correlate performance with length of exposure to miglustat. Because the entire cohort performed one to two standard deviations below the standardized norms, Ϫ1.5 and Ϫ2.0 z-scores were separately examined as cut-off points for classification as cognitively impaired.
Mindstreams
All patients with type 1 Gaucher disease appearing at the Gaucher Clinic for routine evaluations after November 2002 were asked to participate in this phase of the study by completing the Mindstreams® (NeuroTrax Corp., NY) computerized cognitive battery for detection of mild impairment (i.e., the Global Assessment Battery 19 ). Performance in patients was compared with that of individuals similar in age, years of education, and gender to the patients with Gaucher disease in the
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present study who were drawn from a database of Mindstreams data collected in controlled research studies. 19, 20 Performance in patients who had never been treated was compared with that of patients receiving ERT and with those on miglustat. Tests were available in English, Hebrew, and Russian and were administered in the patients' primary language (i.e., language most comfortable speaking or language used most often). Ethics Committee approval was obtained for the study, and informed consent was obtained from all participants.
Mindstreams data were uploaded to the NeuroTrax central server, where data processing occurred, during which aggregate outcome parameters were computed from raw single-trial data. 19, 20 Outcome parameters were calculated using custom software blind to diagnosis or testing site. To permit averaging performance across different types of outcome parameters (e.g., accuracy and reaction time), each parameter was normalized and fit to an IQ-style scale (mean ϭ 100, SD ϭ 15) with the control group as the reference sample. Missing outcome parameter data due to a failed Mindstreams practice session was assigned a value of 2.5 standard deviations below the appropriate reference sample mean. To handle outliers, performance poorer than 2 standard deviations below the reference sample mean was replaced with a value 2 standard deviations below the mean.
The following subtests 19 were included: Verbal Memory, Non-Verbal Memory, Go-NoGo, Stroop, Verbal Function, Problem Solving, Visual Spatial Imagery, Staged Information Processing, Finger Tapping, and "Catch" Game.
Normalized subsets of outcome parameters were averaged to produce six "index scores" as follows, each summarizing performance in a different cognitive domain: Memory: mean accuracies for learning and delayed recognition phases of Verbal and Non-Verbal Memory tests; Executive Function: composite scores (accuracy divided by reaction time) for Stroop test and Go-NoGo test, mean weighted accuracy for "Catch" Game; Visual-Spatial: mean accuracy for Visual Spatial Imagery test; Verbal: weighted accuracy for verbal rhyming test (part of Verbal Function test); Attention: mean reaction times for Go-NoGo and choice reaction time (Stroop, second phase) tests, mean standard deviation of reaction time for Go-NoGo test, mean reaction time for a low-load stage of Staged Information Processing test, mean accuracy for a medium-load stage of Information Processing test; Motor Skills: mean time until first move for "Catch" Game, mean inter-tap interval and standard deviation of inter-tap interval for Finger Tapping test.
A Global Cognitive Score (GCS) reflecting general cognitive status was computed as the average of the index scores. Index scores and the GCS served as dependent measures for the present study.
Statistical analysis for Mindstreams data
Because of the small sample size, Mindstreams index score and GCS performance in drug-naïve patients was compared with that of control participants using the nonparametric Mann-Whitney U test. The U test was also used to compare performance of untreated patients with that of patients receiving ERT or miglustat. Two-tailed statistics were used throughout, and P Ͻ 0.05 was considered significant. All statistics were computed with SPSS statistical software (SPSS, Chicago, IL).
A Severity Score Index (SSI) is computed for each patient at baseline that reflects severity of basic disease parameters at that time plus age of onset of symptoms 21 ; this score is never revised but remains as an index of disease involvement that may be used as a measure for comparison between patients or groups of patients. The SSI ranges from 0 to 30 points with more points added because of existence of Gaucher-specific organ involvement such as skeletal disease, pulmonary involvement, splenectomy, as well as early age of diagnosis/onset of symptoms. Generally, 0 to 10 points is consistent with mild disease; 11 to 20 points reflects moderate involvement; and 21 to 30 points is considered severe disease. Table 1 shows the patient participation population in the two sets of tests. In all, 108 patients (mean age: 42.5 Ϯ 13.8 years, range 19 -76 years; mean years of education: 14.6 Ϯ 2.7 years, range 6 -22 years) participated in the traditional neuropsychological testing administered by psychologists.
RESULTS
Fifty-five patients (mean age: 41.6 Ϯ 13.0 years, range 20 -72 years; mean years of education: 14.0 Ϯ 2.7 years, range 6 -22 years) had been exposed to miglustat and were either receiving the drug as part of a clinical trial or (31 patients) had discontinued the drug at some point (e.g., due to concern about the patient with memory loss). The mean SSI for these patients was 11.1 Ϯ 5.6 points (range 5-26 points). There were 16 patients (29.1%) who were homozygous for the N370S [1226G] mutation. Thirty-one patients (mean age: 42.5 Ϯ 15.1 year, range 20 -71 years; mean years of education: 14.9 Ϯ 2.8 years, range 7-19 years) were receiving ERT. The mean SSI for these patients was 11.0 Ϯ 5.8 points (range 5-24 points). There were 9 patients (29.0%) who were homozygous for the N370S [1226G] mutation (see Table 1 ).
Twenty-two patients (mean age: 44.9 Ϯ 14.5 years, range 19 -76; mean years of education: 15.6 Ϯ 2.1 year, range 12-19 years) were drug-naïve (i.e., never treated with either drug; "untreated"). The mean SSI for these patients was 6.6 Ϯ 3.8 points (range 2-14 points). There were 18 patients (81.8%) who were homozygous for the N370S [1226G] mutation (see Table 1 ).
There was no difference between groups with regard to age or years of education.
There was no difference between the miglustat and ERT groups with regard to SSI or prevalence of homozygosity for the N370S mutation. However, comparison of either group with the untreated group was statistically significant for SSI (U ϭ 221.0, P ϭ 0.001; and U ϭ 144.5, P ϭ 0.003, respectively). Similarly, there was borderline statistical significance between miglustat and ERT groups to the untreated group with regard to prevalence of homozygosity for the N370S mutation (P ϭ 0.053 and P ϭ 0.049, respectively). Some tests were aborted by patients due to time constraints; the greatest number of unfinished subtests was 12/55 patients receiving miglustat who aborted the subtests RAVLT7 and RAVLT8.
In the psychologist-administered battery, mean scores in all subtests and for all groups were consistently more than one z-score below normal (Table 2) . Between-group comparisons were nonsignificant for 13/18 subtests. There were only 5 subtests with statistically significant differences between groups by ANOVA when using Ϫ2.0 z-scores as cut-off points and taking ERT and untreated groups together versus miglustat-treated patients (Table 2 ). For verbal learning and memory, patients exposed to miglustat performed significantly poorer than patients in the other groups (RAVLT7, P ϭ 0.013 and RAVLT8, P ϭ 0.005) For verbal fluency, patients exposed to miglustat performed significantly poorer than other groups (FAS, P ϭ 0.018 and Animals, P ϭ 0.045). For visuospatial functioning in the Trail Making Test B, patients exposed to miglustat performed less well than the other groups (TMTB, P ϭ 0.011). Despite the reduced performance in the miglustat group in these subtests, Pearson chi-square test revealed no correlation between performance and duration of miglustat therapy.
Sixty nine patients (mean age: 47.8 Ϯ 13.4 years; mean years of education: 14.5 Ϯ 2.4 years) participated in Mindstreams computerized testing. Thirty-six patients had been exposed to miglustat and were either receiving the drug (25 patients, 69%) at the time of testing or had discontinued the drug (11 patients; 31%) due to suspension of the clinical trial. Thirty three of these miglustat patients also had participated in the psychologist-administered testing (see Table 1 ). Fifteen patients were receiving ERT, 13 of whom also participated in the psychologist-administered battery. Eighteen patients were drug-naïve, 11 of these patients also participated in the psychologist-administered battery. The control group consisted of 140 individuals diagnosed as cognitively healthy in controlled research studies at nine clinical sites. Control participants were comparable to patients with Gaucher disease in age (U ϭ 4698.5, P ϭ 0.749), years of education (U ϭ 4768.5, P ϭ 0.878), and gender
Mindstreams performance in drug-naïve patients was not significantly different from normal controls (P Ͼ 0.05) across all cognitive domains. Patients receiving ERT performed similarly to the drug-naïve group (P Ͼ 0.05) in all domains. Patients in the miglustat group performed similarly to the drugnaïve group (P Ͼ 0.05) in all domains but visuospatial function, for which performance was significantly better (P Ͻ 0.05). Although not statistically significant, means in the ERT group were consistently lower than in the drug-naïve group, whereas means in the miglustat group were consistently higher than baseline (Fig. 1) .
DISCUSSION
Gaucher disease has traditionally been subdivided into "types" based on the presence or apparent absence of neurological manifestations. As experience with Gaucher disease has extended worldwide, it is increasingly clear that, within each classical type, there is a spectrum of clinical signs and symptoms. Even as regards neuronopathic disease, genotype analysis is frequently useful yet insufficient for reliably predicting phenotypic expression, course of disease, and prognosis. There are patients with homozygosity or compound heterozygosity for mutant alleles that are typically associated with type 2 or type 3 Gaucher disease who are reported free of apparent neurological dysfunction. However, these patients must be closely monitored for late onset of neurological dysfunction as illustrated by the case history of a child of Kurdish ethnicity (homozygous for the L444P [1448C] mutation) who was the first child to receive ERT in Israel. There was no overt evidence of neurological involvement at age 2 years. After 4 years of ERT, at age 6 years, neuropsychological evaluation revealed low-normal intelligence and slow motor development. At age 11 years, horizontal gaze palsy was overt and PET brain scan revealed slightly decreased perfusion in the right parietal lobe.
The presence of even one N370S [1226G] mutation is commonly thought to be invariably predictive of nonneuronopathic (type 1) Gaucher disease. However, there are now reports of phenomena such as tremor and other extrapyramidal movement abnormalities, peripheral neuropathy, and age-inappropriate cognitive dysfunction that may possibly be part of the natural history even in patients believed to be free of neurological risk. Adult patients were described with a Parkinsonian syndrome of early-onset but progressive course with refractoriness to standard (levodopa) therapy. [22] [23] [24] In a neuropathological study of brains of patients with Gaucher disease, hippocampal areas CA2-4 and layer 4b of the calcarine cortex showed astrogliosis in 7 subjects with type 1 Gaucher disease 4 of whom had Parkinson's disease with dementia. 25 In unpublished studies by our group (Levy-Lahad and Domb et al., 2004) that asked the question whether carriers of Gaucher disease enjoy a selective advantage of increased intelligence, we administered the Wechsler Intelligence Scale and Raven Matrices to appropriately age-and sex-matched carrier and normal siblings of adults and children with Gaucher disease. Both groups had high intelligence scores, but the carriers surprisingly had significant visuospatial deficits. These findings were not dissimilar to those reported among carriers of metachromatic leukodystrophy and Krabbe disease. 26, 27 Thus, some patients may exhibit signs or symptoms that blur the demarcation lines between clinical types and, more accurately, are part of a range of possible phenotypes from nonneurological to life-threatening neurological involvement. This observation may be particularly important for the evaluation of new, small molecule therapies for Gaucher disease such as miglustat, which, unlike imiglucerase, are permeable through the bloodbrain barrier and may have potential for neurotoxicity as well as therapeutic potential.
Our study of cognitive function in patients with type 1 Gaucher disease with standardized neuropsychological tests that emphasize visuospatial functioning unexpectedly found low scores in all groups and on all subtests. Moreover, patients treated with miglustat had significantly lower scores on a few of these psychologist-administered neuropsychological battery than either treatment-naïve patients or patients treated with ERT. On the other hand, these differences were not apparent with the computerized test battery where the patients' results were within normal limits and comparable to well-matched healthy controls. It is therefore plausible that the specificity of the traditional battery as administered resulted in a less representative picture of overall cognitive function by virtue of highlighting the dysfunctional visuospatial performance. The second testing battery, using the computerized system, was chosen for its brevity and objectivity relative to the individualized psychologist-administered battery. The computerized battery was also selected because of the availability of multiple test languages and language/culture appropriate normative data. The computerized system by virtue of matched control groups provided a more rigorous evaluation of performance, while again highlighting visuospatial indices.
Our neuropsychological test results are consistent with the conventional wisdom and extant experience that development of cognitive dysfunction is not a feature of the natural history of type 1 Gaucher disease. Any dysfunction suggested by the current study is apparently subtle and of doubtful clinical relevance given that cognitive status did not interfere with patients' daily function; among the patients were physicists and architects, professions relying upon visuospatial skills. Our results also suggest that treatment of Gaucher disease with miglustat does not lead to cognitive impairment. This conclusion, based on results from the traditional neuropsychological battery, allowed reinstatement of the trial at our clinic and eventual licensing of the investigational drug for marketing.
It is important to note that patients who had been exposed to miglustat did perform significantly poorer than the other groups on measures of verbal learning and memory, verbal fluency, and complex symbol alteration sequencing on psychologist administered tests. But these patients did not perform significantly worse in these skills in the Mindstreams battery. Although the data from both psychologist-administered and computer-assessed tests suggest no significant adverse effect of miglustat over other treatments on executive function and visuomotor/visuospatial abilities, data from the psychologist administered tests may be suggestive of greater risk for verbal and memory difficulties. Because the precipitating event for our Ethics Committee review of miglustat did not involve visuomotor/visuospatial abilities per se, but rather the complaints of a specific patient (see earlier), the verbal/memory results from the psychologist administered batteries may have relevance only to the safety question. Nonetheless, in that the Mindstreams battery, albeit in a more cursory way, screens these same functions, the difference in functional domains identified in the two parts of the study is not qualitatively different.
The rationale for combining the nonmiglustat groups for comparison with the miglustat group in the psychologist-administered battery was a consequence of the impetus of the evaluation by the Ethics Committee, i.e., to insure that the cognitive dysfunction in the index case was not pervasive among patients exposed to the heretofore untried modality of substrate reduction. This statistical manipulation therefore was not because of any implicit comparability with regard to disease severity between ERT-treated and untreated groups but rather to bring to light any cognitive change that was emergent due to miglustat exposure.
A further complication in interpreting the results of the psychologist-administered battery relative to the computer-assessed battery is the high percentage of technical failure in some of the psychologist-administered subtests, e.g., 22% of patients on miglustat aborted RAVLT 7 and RAVLT8. This did not occur in the computer-assessed battery. Hence, although one may query whether these subtests were too difficult and/or that the patients had insufficient time, some statistically significant differences between the two sets may reflect technical difficulties inherent to the mode of administration. As suggested, this finding underscores the fact that apparent statistical significance may not have a correlate in clinical reality.
Thus, in addition to the need for longitudinal studies, larger sample sizes are required before definitive conclusions can be drawn. Similarly, any ameliorative effect of miglustat upon cognitive function, as was hinted at in the computerized testing, must also await a larger sample size. The computerized test battery used in the current study is well-suited for longitudinal testing and for long-term surveillance of miglustat treatment as required by the regulatory agencies. Such studies of miglustat are currently underway in our clinic.
Comparison of cognitive testing results between Gaucher disease and other lysosomal disorders is problematic due to lack of a uniform, standardized test battery. A recent neuropsychological assessment of patients with late onset GM 2 gangliosidosis showed no deterioration in visuospatial functioning, whereas memory and executive functioning was more impaired. 28 Although this study used a psychologist-administered battery largely comparable to that of the present study, differences in choice of tests, test-administration, and diseasespecific physical disabilities make comparison with our results difficult. Indeed, it is also for the purpose of comparing results across disease groups that we recommend adoption of standardized computerized cognitive testing as a screening test for long-term surveillance. In addition to better comparability across studies and other advantages outlined here, computerized cognitive testing with Mindstreams is also suitable for children and teenagers with incipient neurological involvement such as in type 3 Gaucher disease and juvenile forms of other lysosomal storage disorders. To date, standard tools to assess progression of cognitive dysfunction and/or response to therapy in these groups have not been applied; albeit for in-depth evaluation (of the brain-behavior relationship) and developing rehabilitative recommendations, individualized traditional neuropsychologist-administered battery should be preferred.
Given that the neurological changes in type 1 Gaucher disease and/or due to exposure to treatment regimens reflected in the current study are subtle and clinically inconsequential relative to the more overt changes associated with type 2 and type 3 Gaucher disease, it seems appropriate and more clinically useful to continue to subdivide Gaucher disease into the classic types rather than adopt a new continuum of signs and symptoms model. Although evidence supports a continuum of clinical manifestations spanning the gap between types 2 and 3 and between types 1 and 3, it is still a critical distinction that the classical neuronopathic forms involve evident and reproducible patterns of neurological and cognitive decline. Evaluation of performance in all these patients, however, could be facilitated and would benefit from a unified and standardized testing protocol.
